Daylight is modified by absorption and scattering to produce a light environment in the deep seas that is monochromatic, highly scattering and of low irradiance (Kirk, 1983) . Light is also highly directional, downwelling irradiance being around 200 times greater than upwelling irradiance (Denton, 1990) . Animals in the photic zone view their environment using the downwelling irradiance. At greater depths, bioluminescence becomes increasingly important until in the aphotic zone, below about 800 m, it is the only significant source of light. These factors have resulted in the eyes of deep-sea organisms being adapted for high absolute sensitivity (particularly to the wavelengths of maximum transmission) and, frequently, modified along the dorso-ventral plane in response to the directionally graded nature of the underwater light field. Although much of the work in this field has been carried out on fish (see Lythgoe, 1979) , these adaptations are also observed in crustaceans living in the mesopelagic zone which extends from around 200 to 1,000 m. The eyes of euphausiids (Land et al., 1979) , hyperiid amphipods (Land, 1989) and oplophorid shrimps show adaptations to the underwater light field. We have examined variations in rhabdom morphology in the eyes of mesopelagic decapod shrimps of the family Oplophoridae.
The eyes of adult decapod shrimps are generally of the reflecting superposition type (Gaten, 1998) , in which the image is focused onto the light-absorbing rhabdoms by reflection within a distal layer of crystalline cones (Vogt, 1975; Land, 1976) . The rhabdoms also act as light-collecting structures, retaining light by total internal reflection due to the difference in refractive index between the rhabdom and the surrounding cytoplasm. The typical decapod rhabdom consists of a single structure formed from interlocking bundles of microvilli (rhabdomeres) contributed by the eight retinula cells in each ommatidium, with rhodopsin molecules located within the microvillar membrane (Shaw and Stowe, 1982) . The rhabdomeres of the eighth retinula cell (R8) are variable in appearance but usually differ from those of the other retinula cells (R1 to R7). R8 forms a discrete distal part of the rhabdom, resulting in a tiered rhabdom structure. In many decapods, the microvilli from cells R3, R4, and R7 are orientated parallel to the shrimp's antero-posterior axis, while those from R1, R2, R5, and R6 are orientated parallel to the medio-lateral axis (Shaw and Stowe, 1982) .
The cytoplasm of R8 does not contain shielding pigment granules and it is electron lucent (Shaw and Stowe, 1982) . In the distal rhabdom the microvilli may all be oriented in one direction (e.g., Pacifastacus -Nässel, 1976) , arranged in two orthogonal directions (e.g., -Meyer-Rochow, 1975) or sometimes randomly directed (e.g., Leptograpsus - Shaw and Stowe, 1982) . R8 has been identified in the crayfish Procambarus clarkii as a violet receptor with maximum absorption near to 440 nm, whereas the rest of the rhabdom has an absorption maximum at 530 nm (Cummins and Goldsmith, 1981) . Although sensitivity to UV light has been documented in shallow-water crustaceans (Storz and Paul, 1998; Marshall and Oberwinkler, 1999) , evidence for sensitivity to short-wavelength light in mesopelagic species is limited. Using spectrophotometric methods, two photoreceptor classes have been described in the oplophorid shrimp Systellaspis debilis (Cronin and Frank, 1996) . In the main rhabdom, maximum absorption is at 498 nm, whereas the distal rhabdom absorbs maximally at 410 nm. Electrophysiological (Frank and Case, 1988) and behavioral experiments (Frank and Widder, 1994a,b) have shown that some oplophorid shrimps are sensitive to both near-UV light and blue-green light.
Panulirus
All oplophorid shrimps have reflecting superposition eyes, although in some deep-sea species their eyes are modified through atrophy of the cone cell layer Chace, 1937, 1938; Gaten et al., 1992) . Their eyes all possess a tapetum behind the rhabdom layer which reflects unabsorbed light back through the rhabdoms, although the extent of the tapetum varies between species (Shelton et al., , 2000 . Within the Oplophoridae there is considerable variation in the appearance of the rhabdom, depending on the habitat depth and stage of development of the shrimp. Larval oplophorids have thin apposition-type rhabdoms in the zoeal stages, whereas those that hatch at postlarval stages have broader rhabdoms, tapering at both the proximal and distal ends (Gaten and Herring, 1995) . Adult oplophorids from the upper mesopelagic zone, such as Oplophorus spinosus and Systellaspis debilis, show a gradient from spindle-shaped dorsal rhabdoms to larger, multi-lobed ventral rhabdoms . Species normally inhabiting the deepest part of the mesopelagic zone, such as Acanthephyra pelagica, possess a uniform layer of denselypacked lobed rhabdoms .
The purpose of this study is to describe for the first time the ultrastructure of the distal rhabdom and its relative size in different regions of the eyes of a number of oplophorid shrimps, and to relate this to the depth and light environment inhabited by the various species. This work builds on the qualitative descriptions at the light microscope level previously published .
MATERIALS AND METHODS

Specimen capture and preparation
Oplophorid shrimps (suborder Pleocyemata, infraorder Caridea, family Oplophoridae) were obtained during Cruise 195 of RRS Discovery in the eastern North Atlantic from depths of up to 1,000 m using the RMT 1+8 net system (Roe and Shale, 1979) . There is considerable variation in the published depth ranges of the species used, due to differences in sampling technique, latitude, water quality and sampling time (several species of oplophorids undertake diel vertical migrations). To take account of these variations, the depth ranges quoted here are daytime depths from samples taken in the eastern North Atlantic where the water is Type I oceanic (Jerlov, 1976) . The species used were Oplophorus spinosus (300-500 m Foxton, 1970) , Systellaspis debilis (650-850 m Foxton, 1970 ), S. cristata (875-950 m Foxton, 1970 , Acanthephyra pelagica (900-1200 m Domanski, 1986) and Notostomus auriculatus (600-1000 m present study). All of the specimens used in this study were taken from within the depth ranges given above.
Some of the shrimps used in this investigation were captured during the day, resulting in some light-induced damage being visible in the rhabdoms. Exposure to light rapidly causes the initiation of breakdown of the proximal rhabdom, leaving the distal rhabdom largely intact (Shelton et al., 1989) . Although in its initial stages this does not change the volume of the rhabdom, the division between undamaged distal rhabdom and damaged proximal rhabdom can be distinguished more easily. Only those animals in which this division could be clearly seen were used for rhabdom analysis. The eyes were fixed as soon as possible after the capture of the animals using a mixture of 4% formaldehyde and 5% glutaraldehyde in phosphate buffer pH 7.4 (Karnovsky, 1965 ) for 3 to 12 h. Most of the eyestalks were removed to promote rapid penetration of the fixative, although some parts were left attached to assist in the orientation of the specimens. The eyes were post-fixed in 1% osmium tetroxide for 1.5 h, dehydrated in an acetone series and embedded in Spurr resin. Semithin (1 µm) sections were taken and stained in 1% toluidine blue in 1% sodium borate. Ultrathin sections (ca. 0.1 µm) mounted on grids were stained with uranyl acetate and lead citrate and observed on a Jeol 100CX electron microscope.
Image analysis
For examination by light microscopy, sections of the eyes of the following species were taken: Oplophorus spinosus, Systellaspis debilis, S. cristata, Acanthephyra pelagica and Notostomus auriculatus. Only those animals in which the distal and proximal rhabdoms could be clearly differentiated were used in this analysis. Although this resulted in rather low numbers of specimens being used for the quantitative analysis, these appeared to be representative of each species. For each specimen, five sections in the dorso-ventral plane of the eye, where the rhabdoms were cut approximately longitudinally, were selected for further analysis. The sections were digitized using a Scion AG-5 frame grabber and an Apple Macintosh computer and analyzed using the public domain NIH Image program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/). Five areas (dorsal, dorso-lateral, lateral, ventro-lateral and ventral) of each image were segmented manually and the lengths and areas of distal and proximal rhabdoms recorded. The mean values obtained from the five sections were then used to estimate the relative proportions of distal and proximal rhabdom in each area of the eye. These values were normalized using an arcsine transform and the resulting data tested for normality (no significant departure from normality when tested using Shapiro-Wilke) and homogeneity of variance (no departure from homoscedasticity, according to Bartlett-Box).
ANOVA was used to show differences between areas, and Student-Newman-Keuls was employed to show the significance of these differences.
RESULTS
Gross anatomy of the oplophorid eye
The oplophorid shrimps used in this investigation have hemispherical eyes borne on short eyestalks. They are typical reflecting superposition eyes in which the distal crystalline cone layer and the proximal rhabdom layer are separated by a clear zone (Fig. 1A) . In all species, the retinula cell nuclei are mainly located around the distal rhabdoms at the proximal margin of the clear zone, although in some regions of the eyes of Notostomus auriculatus these nuclei are located close to the basement membrane. The main difference between the eyes of the species investigated here lies in the structure of the rhabdoms. In Oplophorus spinosus and Systellaspis debilis there is a marked difference between the rhabdoms of dorsal and ventral parts of the eye. The dorsal rhabdoms are spindle shaped and have a relatively small distal rhabdom (Fig. 1B) . The ventral rhabdoms consist of a larger distal rhabdom and a multilobed proximal portion (Fig. 1C) . The distal rhabdom is clearly identifiable in these specimens as a more dense and non-striated region (Fig. 1B,C) . In S. cristata the rhabdom structure throughout the eye is similar to that seen in the ventral part of the eye of S. debilis, and the distal rhabdom is clearly visible. The proportions of distal to proximal rhabdom are much more uniform throughout the eye. In contrast, a distal rhabdom is not seen at the light microscope level in the eyes of Acanthephyra pelagica or Notostomus auriculatus. The rhabdom layer in these species is uniform, consisting of multi-lobed and densely packed rhabdoms (Fig. 1D,E) .
For each specimen, the maximum lengths of the distal and proximal rhabdoms were measured from 30 rhabdoms cut approximately axially (Table 1) . Reconstruction of individual rhabdoms from the sections was not possible over most of the eye due to their interdigitating structure.
Fine structure of the distal rhabdom
The difference in structure between the distal and proximal rhabdoms can readily be seen in the dorsal rhabdoms of Oplophorus spinosus and Systellaspis debilis (Fig. 2) . The proximal rhabdom consists of alternating layers of orthogonally directed bundles of microvilli, resulting in a banded appearance. In contrast, the distal rhabdom consists of microvilli that are not orientated in this orderly fashion (Fig. 2A) . The vesiculation seen in some microvilli in the proximal rhabdom is typical of that found in the early stages of lightinduced damage. The quadripartite cone cell tract separates just above the distal rhabdom into four processes that pass around the sides of the rhabdom, terminating at the basement membrane. The cytoplasm of R8 occupies the region between the cone tract and the distal rhabdom (Fig. 2B) . Four electron-lucent lobes of R8 extend proximally, surrounding the distal rhabdom (Fig. 2C) . The lobes are joined by zonulae adherentes close to the rhabdom margin. More proximally, the four lobes of R8 line the sides of the distal rhabdom with each lobe contributing microvilli to one quarter of the distal rhabdom (Fig. 2D) . At the base of the distal rhabdom, the other retinula cells (R1-7) are in close proximity to the cone cell processes, appearing larger in successive sections as the lobes of R8 get smaller (Fig. 2E) . The main rhabdom, formed only by R1-7, is multilobed and partially surrounded by tapetal cells (Fig. 2F ).
Although at the light microscope level no distal rhabdom could be seen in the eye of Acanthephyra pelagica, clear evidence of R8 is provided by electron microscopy. Its appearance at the point where the cone cell processes separate (Fig. 3A ) is similar to that described in Systellaspis debilis. R8 then divides into four lobes extending proximally between the cone cell processes. In contrast to S. debilis, however, the microvilli arising from the lobes of R8 all run parallel to one another in this species (Fig. 3B) . The proximal rhabdom, surrounded by R1-7, forms the vast majority of the rhabdom with microvilli that are not orientated consistently (Fig. 3C) . In Notostomus auriculatus no distal rhabdom could be found, even at the distal tip of the rhabdom where instead the seven retinula cells could be observed (Fig. 3D) . However, below the rhabdom an eighth retinula cell body could be seen towards the periphery of the ommatidium (Fig 3E) .
Variations in rhabdom volumes
Those sections where the distal and proximal rhabdoms could be reliably distinguished were analyzed for regional variations in the relative size of the distal rhabdom. This included four specimens of Systellaspis debilis, two of Oplophorus spinosus and one of S. cristata.
The relative volumes of distal and proximal rhabdom were calculated for each of the five regions of the eye in those specimens (Fig. 4) . In Systellaspis debilis, the proportion of the rhabdom contributed by R8 increased from 3.7% in the dorsal region to 9.3% dorso-laterally. In the other three regions the proportion was between 21.9% and 23.9%. Very highly significant differences between groups were shown using ANOVA (p<0.001). A Student-Newman-Keuls test showed that there were highly significant differences (p<0.01) between the dorsal region and all of the others and between the dorso-lateral region and all of the rest. The lateral, ventro-lateral and ventral regions formed a homogeneous sub-set showing no significant difference between them. Fig. 4 . Change in the relative proportion of distal (grey) and proximal (striped) rhabdoms in three species, Systellaspis debilis, Systellaspis cristata and Oplophorus spinosus. The inset shows the five regions of the eye sampled. d, dorsal; d-l, dorsolateral; l, lateral; v-l, ventro-lateral; v, ventral. In Oplophorus spinosus, the same general pattern was observed, with an increase in the relative size of the distal rhabdom along the dorso-ventral plane. The single specimen of S.
cristata showed a higher proportion of distal rhabdom in all regions of the eye when compared to both Systellaspis debilis and Oplophorus spinosus. Results for Acanthephyra pelagica and Notostomus auriculatus are not plotted because no distal rhabdom could be detected using light microscopy in any regions of the eyes of these species.
DISCUSSION
The descriptions of the oplophorid eyes presented here show that there is considerable variation in rhabdom size and structure, particularly with respect to variations in the size of the distal rhabdom, both between species and within a single eye. These differences may be correlated with the depth range over which the animals are normally found. However, quoted depth ranges are only of real value if the water quality is also known. For instance, the boundary between the mesopelagic and bathypelagic fauna may occur between 700 and 1300 m depending on water clarity (Lythgoe, 1979) . Recorded depth distributions for individual species cover a wide range due not only to the natural intraspecific variation but also to the effects of water quality and sampling technique. In the eyes investigated here, the banded fusiform rhabdoms, typically seen in shallow water shrimps, are found only in the dorsal regions of the eyes of Oplophorus spinosus and Systellaspis debilis. These two species had the shallowest daytime range of the oplophorids investigated, usually being found at depths of less than 700 m (Foxton, 1970; Roe, 1984) . Complex interdigitating rhabdoms were found in the ventral parts of the eyes of these shrimps and throughout the eyes of those from deeper water, such as S. cristata and Acanthephyra pelagica. The distal retinula cell (R8) was free of all shielding pigments and formed a conical distal rhabdomeric cap in those rhabdoms where it was present. The microvilli within the distal rhabdom were not aligned in orthogonal rows, as seen in some decapod eyes (Shaw and Stowe, 1982) . The distal rhabdoms in Acanthephyra pelagica are so small as not to be discernible at the lightmicroscope level. None could be seen even at the electron-microscope level in the eyes of
Notostomus auriculatus.
Within the eye of Systellaspis debilis, changes in rhabdom volume occur around the dorso-ventral plane. The dorsal rhabdoms are spindle-shaped, which enhances resolution (Warrant and McIntyre, 1991) but leads to a reduction in rhabdom volume and sensitivity to light. Over the rest of the eye, the rhabdoms fill all of the available space within the rhabdom layer, maximizing both rhabdom volume and sensitivity. However, the loss of a layer of retinula cell cytoplasm between adjacent rhabdoms must lead to a reduction in resolution due to an increase in the crossover of light into non-target rhabdoms. The lateral rhabdoms are shorter than the dorso-lateral and ventro-lateral rhabdoms in this species, although this is not true of other oplophorids (Table 1 ). The volume of the distal rhabdom, as a proportion of the rhabdom as a whole, is around 23% over the lateral and ventral regions of the eye. The values are significantly different for the dorso-lateral (9.4%) and dorsal (3.7%) regions of the eye. A similar trend of reduction of the distal rhabdom dorsally is seen in Oplophorus spinosus and Systellaspis cristata, although the difference is not so apparent in the latter species. In Acanthephyra pelagica, the distal rhabdom is considerably reduced with no detectable regional variation in volume.
A microspectrophotometric study (Cronin and Frank, 1996) has shown that the distal rhabdom of Systellaspis debilis contains a visual pigment that absorbs maximally at 410 nm in contrast to one absorbing at 498 nm in the proximal rhabdom. Behavioral sensitivity measurements (Frank and Widder, 1994a,b) show equal sensitivities to light at 400 and 500 nm in species of shrimp with two visual pigments. In those with only one pigment, up to one log unit more light was required to achieve a threshold response at 400 nm than at 500
nm. The behavioral experiments show that a number of oplophorids with obvious distal rhabdoms are using near-UV light and it has been shown that usable amounts of light at 380 nm are present at 600 m, within the daytime depth range of Systellaspis debilis (Frank and Widder, 1996) . However, the question remains: why do some shrimps maintain a gradient of distal rhabdom volume within the eye while others have abandoned it altogether?
The dorso-ventral structural and functional variations in the rhabdoms of Systellaspis debilis seem to be related to the variations in the light environment above and below the animal and in the visual tasks that need to be carried out by the different regions of the eye.
The dorsal part of the eye is adapted for higher resolution and sensitivity to the downwelling light; this makes it ideal for picking out detail of silhouettes overhead. In the ventral and lateral regions, the rhabdoms are not spindle-shaped, are not separated by a layer of retinula cell cytoplasm of low refractive index and, therefore, are expected to have lower resolution (Warrant and McIntyre, 1991) . However, the dense packing of rhabdoms and the enlarged distal rhabdom may result in increased contrast sensitivity, ideal for detecting light reflected or emitted from targets against the background spacelight. An analogous spatial variation in spectral sensitivity has been described in the eye of the squid Watasenia scintillans (Matsui et al., 1988) and in the fish Diretmus argenteus (Denton, 1990) . Shrimps of the genus Systellaspis found in deeper water (such as S. cristata) have rhabdoms in the dorsal part of the eye that have adapted to the reduced downwelling light by abandoning the high resolution spindle-shaped rhabdoms. As a result all of the rhabdoms in this species are multi-lobed. However, they retain distal rhabdoms and we assume that this is because these shrimps may be relatively recent invaders of deeper water and have not yet adapted to their new habitat. They therefore retain the rhabdom structure of an ancestor active in shallower water.
The differences in rhabdom structure described here are attributed to depth-related changes in the light environment. Oplophorids active only within the photic zone have dorsal rhabdoms adapted for increased resolution whereas ventral and lateral rhabdoms are adapted for increased contrast sensitivity due to their enlarged distal rhabdom. Those shrimps whose depth ranges extend into the aphotic zone (such as Acanthephyra spp. and
Notostomus auriculatus) appear to have largely abandoned the distal rhabdom as a possible adaptation to increase the total quantum capture.
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